Abstract. The aim of the study is to present mechanical characteristics of coronary stents. More specifically, stress and plastic strain present in a stent were determined depending on the pressure applied to the internal surface of the stent. The study analyses a model of a slotted-tube stent using the finite element method. The stents with two different numbers of segments and with three wall thicknesses were dealt with. The analysis was carried out for the three most popular biomaterials: austenitic steel Cr-Ni-Mo, cobalt-matrix alloy Co-Cr-W-Ni and titanium-matrix alloy Ti-6Al-7Nb. Numerical analysis presented in the study provides a basis for further research and optimization of stent design. The calculations obtained in the study show that the lowest values of maximum reduced stress occur in the stent made of Cr-Ni-Mo. Furthermore, the stent made of Ti-6Al-7Nb exhibited the lowest values of plastic strain.
Introduction
Since the beginnings of the introduction of stent implantation technologies, numerous models have been proposed for stents, differing in their application and types of the materials used in the design. Stents are typically made in the form of metal wiring (e.g. austenitic steel, combination of cobalt with chromium, titaniummatrix alloys), which are balloon-expandable in order to implant them in contact with the internal wall of coronary vessels [1] .
Development of functional properties of coronary stents should be considered in the aspect of choosing metal biomaterials for a specific type of a stent. This is connected in particular with the miniaturization of stent design and the methods of its implantation [2] . Therefore, it is necessary to specify mechanical properties of biomaterials. An important issue is to understand the effect of the structure on biomechanical behaviour of the stent during implementation [3] .
Over more than two decades of their application, stents have been gradually modified. Initially, the stents were chiefly made of stainless steel alloy (316L).
Recent years have seen growing popularity of stents made of cobalt-chromium alloys. It enables one to reduce the diameter and cross-section of non-expanded stent. Low profile of a stent causes that the insertion through winding sections of blood vessels and tight and calcified stenosis is much easier [4] . Steels applied to the stents have a specific chemical composition, 316L being a good example. Fine grains and a low level of contamination with non-metallic inclusions results in anisothropy of mechanical properties of the material [5] . Furthermore, Cr-Ni-Mo steels ensure improved strength and ductility and reduce the vulnerability to cracking. These properties are particularly important in implants with small cross-sections, such as stents. Austenite grain size is the basic structural parameter which strongly affects mechanical properties of metal materials. Additionally, fine grains of austenite are essential due to the growing popularity of slotted tube stents. This shape of implants is obtained through laser cutting. Therefore, a proper choice of process parameters is a decisive factor that determines functional properties of implants.
Insufficient corrosion resistance and biological inertness of steel used for shortterm implants became the reason for development of new materials. The cobalt--matrix alloys came to replace the previous steels as they were characterized by a considerably higher pitting and crevice corrosion in the environment of body fluids. These properties cause that, despite the presence of the elements which would adversely affect a patient's body, the alloys might be used as long-term implants with life inside the human body of up to 15 years [6] . Cobalt-matrix alloys are characterized by higher ability of re-passivation in physiological solutions and they meet the requirements concerning a range of physicochemical properties. These alloys are numbered among biomaterials with high biocompatibility and a group of non-toxic materials [7] .
Titanium alloys became another alternative. They belong to metallic materials which are widely used in medicine due to their low density and good ratio of strength to yield point. Titanium alloys are characterized by improved resistance to crevice corrosion, stress corrosion and general corrosion in the chloride medium. Compared to other metallic biomaterials, they are characterized by the best biocompatibility and the lowest Young's modulus [8, 9] . They also show higher ability of self-passivation and improved fatigue strength, which is essential in the aspect of durability of the elements designed to remain in the human body for many years [10, 11] . Therefore, manufacturing of any biomedical materials depends on the two properties: biofunctionality and biocompatibility [12] .
The present study analysed Palmaz-Schatz stents using the finite element method. The stents used in the study were expanded with the pressure applied from the inside in order to determine their mechanical characteristics in detail. The author evaluated the effect of the analysed geometries of coronary stents while emphasizing the examination of key geometric parameters such as implantation pressure, maintaining stress and plastic strain in coronary stents for different materials.
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Materials and methods
An essential problem when developing functional properties of implants is selection of mechanical properties of the metal. Mechanical properties of biomaterial are chosen based on biomechanical characteristics determined for specific shapes of implants. These characteristics are typically obtained from numerical calculations based on finite element method using ADINA v.8.8 software [13, 14] . The numerical calculations concerned distribution of stress and plastic strain in individual elements and the types of stents. The analysis allows for the optimization of geometrical features of stents and their biomechanical properties.
The study focused on developing of the following models: • geometrical model of a coronary stent, • discrete model of a coronary stent, • numerical model of a coronary stent using the finite element method. In the final step numerical calculations were performed.
Geometrical model
Modelling was carried out for a slotted-tube stent [15, 16] . Total length of the stent was L = 12 mm, whereas the dimensions of an individual parameter depending on the number of segments are presented in Figure 1 . The internal radius of the stent studied was R = 0.8 mm. Three stents with different wall thicknesses were analysed: G = 0.08, 0.1 and 0.12 mm. The individual lengths of the stent (D1, D2, D3, D4) were not changed with the increase in the number of segments. The variable parameters were KL1, KL2 (angles of connectors) and KP1 and KP2 (angles of wires): their values were changed with the number of segments.
FEM analyses -discretization
A grid with elements was generated to obtain geometrical models in order to carry out calculations by means of the finite element method [14, 17] . Discretization was carried out by means of the element of the 3D SOLID type and the analysed cases were discretized with eight-node elements. The number of nodes in the models analysed ranged from 95445 to 159075 for the stents with 9 to 15 segments, respectively. One segment of the stent contained 6120 elements of the 3D type. The total number of 3D elements obtained for the cases studied was from 55 188 to 97 980 [16, 18] . Migliavacca et al. [17] demonstrated that numerical simulations of stents are susceptible to improvement of FEM grid; validation of FEM grid revealed that the current grid was sufficient for further analysis. Figure 2 presents an example of a geometrical model of a coronary stent with the superimposed finite element mesh in the non-expanded (Fig. 2a) and expanded (Fig. 2b) stent. At another stage of preparations of the model for numerical calculations, the expansion pressure was applied to the stent. To simulate actual conditions of a surgical procedure, the expansion pressure was applied to the internal surface of the stent, which is presented in the Figure 2c . 
Material model
An elastic-plastic model of material with isotropic strengthening was adopted in the analysis of stents. Mechanical properties of the material studied were adopted within the ranges defined by the standards: PN-ISO 5832-1 for steel (316L), PN-ISO 5832-5 for cobalt-matrix alloy (L605) and ASTM F1295 (α+β) for titanium-matrix alloy Ti-6Al-7Nb. Table 1 contains material data adopted for the study. Table 2 presents the results of the numerical calculations. Simulations were carried out by using analysed stents with two different numbers of segments (9 and 15). The stents with wall thickness of 0.08, 0.1 and 0.12 mm were analysed in the study. All the simulations were carried out for three materials: austenitic steel 316L: Cr-Ni-Mo, cobalt-matrix alloy: Co-Cr-W-Ni and titanium-matrix alloy: Ti-6Al-7Nb. Adopted by reference to the actual conditions of the course of treatment, the stent is expanded to a diameter of 3.0 mm, i.e. which corresponds to the inner diameter of healthy coronary arteries. The expansion pressure was applied to the internal surface of the stent and was defined as a pressure used in the stent to reach the expected diameter. This pressure is necessary for the plastic strain to be reached in the studied material. The pressure for all the analysed cases ranged from 0.07 to 0.98 MPa. For a Cr-Ni-Mo stent, pressures during expansion ranged from 0.07 to 0.32 MPa, whereas for a Co-Cr-W-Ni stent these values were from 0.155 to 0.688 MPa. In order for a Ti-6Al-7Nb stent to achieve the expected diameter, it required pressures from 0.2 to 0.984 MPa. For the 9-segment and 15-segment stents, expansion pressure (Fig. 3a, b) rose with the increase in stent wall thickness.
Results
As results from the Figure 3 , the lowest expansion pressures were obtained for the Cr-Ni-Mo stent, whereas the highest values were found for the Ti-6Al-7Nb stent. The next step was to determine the maximum stress for averaged nodes. Varied stress distribution was obtained for individual types of stents, illustrated in Figure 4 . The lowest stress was found for the 15-segment stent made of Cr-Ni-Mo steel, with wall thickness of 0.12 mm. The lowest maximum stress was observed for 316L steel, whereas the stent made of the titanium-matrix alloy exhibited the highest values. Figure 4 shows that the cobalt-matrix stent had approximately 2.5 times higher stress compared to the Cr-Ni-Mo stent. Furthermore, stress in the stent made of Ti-6Al-7Nb was by about 3.5 times higher than the stress obtained for the stent made of 316L.
Minimum reduced stress for all the analysed cases ranged from 0.18 to 17.1 MPa. The lowest stress was found in the 15-segment stent made of Cr-Ni-Mo (0.18 MPa). Higher values of minimum stress were observed in the stent made of Co-Cr-W-Ni. The stent with the lowest number of segments exhibited stress ranging from 3 to 17 MPa. The results obtained for the minimum reduced stress in the nodes are presented in Figure 5 . Since the values of reduced stress exceed the yield strength values for the materials used, this caused permanent deformation of geometry of the stent studied. This condition is necessary for proper process of implantation. Maximum stress was observed in the area presented in Figure 6 . Non-homogeneity of plastic strain distribution is presented in Figure 7 . The simulations carried out in this study show that the lowest values of plastic strain were found in the stent made of the titanium-matrix alloy (Ti-6Al-7Nb), with the lowest plastic strain (ε = 0.025) observed for the stent with the highest number of segments. Furthermore, the greatest plastic strain was found in the Co-Cr-W-Ni stent, where it was ε = 0.159. The difference between the highest and lowest plastic strain in the study was ∆ = 0.134. Maximum plastic strain was observed in the stents' forkings, which is presented in Figure 8 .
Conclusions
The results obtained from the biomechanical analysis of coronary stents carried out in the present study, based on finite element method represent useful informa-tion with respect to modification of geometry, selection of mechanical properties and material properties of the stent.
The simulations carried out in the study lead to the following conclusions: • values of the effective stresses exceeded the yield strength for the materials chosen, a permanent deformation of the geometry of the stent examined was observed, which represents the precondition for proper implantation of the stent in a coronary vessel. The highest level of stresses was found in stent connections; • the lowest plastic strain occurred in the stent made of material with the lowest Young's modulus i.e. in Ti-6Al-7Nb stent, whereas the highest plastic strain was observed in the stent made of cobalt (with the highest Young's modulus); • Cr-Ni-Mo stent was characterized by the lowest values of the reduced stress compared to the stress obtained for two other materials analysed in the study. In terms of the stent made of stainless steel it was necessary to apply the lowest expansion pressure; • Ti-6Al-7Nb stent received the highest value of maximum stress approximately 1200 MPa. The stent made of titanium-matrix alloy also showed the lowest plastic strain among the three biomaterials analysed. The Ti-6Al-7Nb stent required a relatively high pressure to expand until reaching the expected diameter.
Looking at the results obtained from the numerical simulations it can be concluded that if the structure of a stent is thicker (more segments), improved mechanical properties can be obtained i.e. lower stresses and strains.
The analysis provides the basis for designing stents in the future.
